The biocatalytic, regioselective hydroxylation of 2-hydroxybiphenyl to the corresponding catechol was accomplished utilizing the monooxygenase 2-hydroxybiphenyl 3-monooxygenase (HbpA). The necessary natural nicotinamide adenine dinucleotide (NAD + ) co-factor for this biocatalytic process was replaced by a 
Introduction
Despite recent advances in catalytic oxyfunctionalization reactions, this class of reactions still represents one of the major challenges for synthetic organic chemistry [1] .
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The design of efficient catalysts has often been inspired by examples from nature.
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However, most biomimics do not meet the performances of their natural precedents. In particular, the regio-, chemo-, and enantiospecificity of the catalyzed reactions are not as efficient as the natural enzymes, and include low turnover frequencies (TF), as well as turnover numbers (TN), which are also several orders of magnitude lower. This above-mentioned situation might also be attributed to the dependency on activated 5 oxygen species, such as peroxides, dioxiranes, or high valent halogen compounds, which are incorporated into the substrate with low selectivity, and frequently at unsatisfactory rates.
Monooxygenase enzymes, on the other hand, utilize molecular oxygen for the specific incorporation of one oxygen into unactivated C-H, C-C, and C=C bonds [2], 10 while minimizing the number of undesired side-reactions. Furthermore, monooxygenase enzymes have been reported to exhibit turnover frequencies of 10-20 s -1 [3] , making them highly important catalysts for synthetic organic chemistry purposes. The availability of monooxygenase enzymes, and other aspects associated with preparative scale reactions, as well as stability under process conditions, are now 15 thought to be considered standard practices, while the requirements of reducing equivalents appears to be a continuing challenge [4] [5] [6] .
In general, monooxygenase enzymes are 1,4-dihydronicotinamde adenine dinucleotide co-factor dependent enzymes; i. e., NADH or NAD(P)H. These co-factors are costly and hydrolytically unstable, and therefore, represent a major barrier for 20 preparative applications utilizing monooxygenases [4, 7] . The ribose, pyrophosphate, and adenosine groups (Figure 1 ) entails the complex structure of NADH, 2b, and NAD(P)H, 3b, thus making chemical synthesis or isolation from biological sources tedious, and creates the high costs of these biocatalytic processes. It has recently been shown by Fish and co-workers [8] that apparently only the nicotinamide ring was required as the redox active site for co-factor regeneration during the enzymatic transfer hydrogenation reaction catalyzed by horse livewr alcohol dehydrogenase (HLADH) enzyme, with the finding that N-benzylnicotinamide triflate, 1a (in this paper bromide as the counter ion instead of triflate), and N-benzyl-1,4-dihydronicotinamide, 1b, could 5 be biomimics for natural NAD + /NADH and provide chiral alcohols from achiral ketones with high enantioselectivity. To further explore these initial findings on HLADH enzyme recognition of 1b as 5 an NADH biomimic for reductions of achiral ketones to chiral alcohols, we decided to expand the focus of the NADH model, 1b, with a monooxygenase enzyme, 2-hydroxybiphenyl 3-monooxygenase (E.C. 1.14.13.44, HbpA), from Pseudomonas azelaica HBP1. The HbpA monooxygenase enzyme catalyzes the specific orthohydroxylation of a broad range of α-substituted phenols to corresponding catechols (4b) 4α-hydroperoxo flavin [10] . The latter species was formed in a reaction sequence consisting of hydride transfer from 2b to the oxidized flavin (FAD), followed by reaction with O 2 , and proton abstraction to provide the resulting hydroperoxide. Thus, we will report on the substitution of 2b by the simple model compound, 1b, to sustain 
Results and Discussion
Preliminary experiments on the specific ortho-hydroxylation of 4a (2 mM) using HbpA as the enzyme catalyst (substrate/catalyst ratio (S/C): 8300), with 2 mM 1b as the stoichiometric source of reducing equivalents, resulted in approximately a 6.3 % yield 5 of 4b after 3 hours. Thus, the HbpA monooxygenase enzyme performed more than 500 cycles at an average turnover frequency (TF) of 2.9 min To clarify this phenomenon, we further investigated the kinetic properties of 10 HbpA with the reduced nicotinamide model, 1b. According to the Michaelis-Menten theory, the enzymatic rate is dependent on the binding affinity of HbpA for the substrate 1b, as well as on the maximum rate for substrate conversion (v = v max S / (K m + S) ).
Both parameters (K m , v max ) were expected to differ between the natural and the biomimetic co-factor due to the apparent structural differences. Thus, we examined the HbpA by 1b were used for productive O 2 -activation; i. e., hydroxylation of 4a. In the 5 case of NADH, 2b, this value was greater than 85%. Therefore, we are suggesting that an increased interaction of 1b with FAD, resulted in hydrogen peroxide formation, rather than in catechol product formation, 4b.
Upon reaction with FAD alone, 1b was consumed approximately 40 times faster than 15 native NADH, 2b. Therefore, we concluded that hydride transfer from the reduced pyridine ring to the oxidized FAD alloxazine moiety occurred more efficiently with 1b than with 2b.
The dramatically increased rate of 1b oxidation in comparison to 2b may be explained by steric, electronic, and conformational effects that facilitate a hydride transfer between 1b and FAD. Further investigations to clarify this mechanistic point will be accomplished in the future. Based on these results, the interesting dependency of HbpA activity and the concentration of 1b may be explained by two opposing effects. Thus, we decided to couple the 1b regeneration as shown in Figure 5 with the HbpA catalyzed hydroxylation of 2-hydroxybiphenyl. We found only small amounts of product (in the µM range) when combining biomimetic co-factor regeneration with the enzymatic hydroxylation reaction. Further analysis revealed that this lack of catechol product could be explained by the loss of activity of both the organorhodium [a] Determined after a 60 5 min incubation followed by a spectroscopic assay described previously [16] .s
As shown in Table 1 
Conclusions
In the present study, we have extended the use of the biomimetic NAD + /NADH models, 1a and 1b, from previously described horse liver alcohol dehydrogenase to the FAD containing monooxygenase, HbpA [15] . Although the activity of HbpA with the biomimetic NADH co-factor, 1b, was in the 6 % 5 range compared to 85% for natural NADH, the ease of chemical synthesis of this biomimic, as well as the increased rates of hydride transfer from the reduced biomimetic co-factor, 1b, directly to FAD provides a simple process for in-vitro applications of this and other FAD containing monooxygenases (e.g. styrene monooxygenase, cyclohexanone monooxygenase). containing polymer to provide, with co-factor 2b, the hydroxylation product catechol, 4b, while with biomimic co-factor, 1a, minor product formation was observed.
In future studies, various strategies will be tested, such as site directed mutagenesis of nucleophilic amino acids, protection of exposed amino acid The N-benzylnicotinamide bromide (1a) was synthesized by dissolving 10 g nicotinamide in 200 ml 1,4-dioxane/50 ml methanol, followed by the addition of 11.6 ml benzyl bromide, and heating for 5 hours at 80 °C under reflux. The precipitate was filtered and washed three times with dioxane, recrystallized from methanol , and filtered and dried under vaccum and stored at -20 °C. The bromide anion was not exchanged by 20 precipitaiton with silver triflate (Yield 64 % based on nicotinamide), as was described by Fish et al [14a] . The reduced N-benzyl-1,4-dihydronicotinamide (1b) was obtained by dithionite reduction [20] . Therefore, 2.5 g of 1a, in presence of 4.6 g sodium carbonate,
was dissolved in 60 ml water and reduced by slow addition of sodium dithionite in a 4 fold molar excess for 2 hours. formate (with in-situ co-factor regeneration) were used at 30 °C and 200-250 rpm.
Enzyme concentrations varied from 1/1000 to 1/10 dilutions of an enzyme stock solution of 6.1 U/ml and 7.7 mg/ml protein, but mostly HbpA was diluted 1/15.
Eupergit Immobilisation
The 2 ml HbpA stock solution and 1ml of potassium phosphate buffer (pH 7.5) 
Analytical Techniques
To determine product formation in aqueous solutions, the enzymatic reaction was stopped by the addition of 0.5 % (v/v) perchloric acid and the resulting precipitate 
Enzymatic regeneration of 1b by formate dehydrogenase
The 2.5 U formate dehydrogenase was incubated in the presence of 1 mM 1a and 160 mM sodium formate in 50 mM Tris buffer, pH 7.5 at 30 °C, in a 1 ml cuvette.
The UV/VIS spectra were recorded at 15 min intervals. No peak formation at 350 nm
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(characteristic for 1b) could be detected during 2 hours of incubation, while directly after additon of either 0.5 mM 2a or 10 µM [Cp*Rh(bpy)(H 2 O)] 2+ to the above assay, the 350 nm peak was observed.
